In this study, the ranges of compression ratio for the successful implementation of hybrid casting and forging process for 7075 aluminum alloy are investigated. Hybrid casting and forging process combines the advantages of casting and forging processes. In this process, a near net shape preform is first cast and the casting is subsequently forged. The casting defects such as shrinkage porosity can be eliminated by forging and the number of forging steps can also be reduced. Therefore, the production cost can be reduced. In this study, castings with stepwise cross section are die cast with 7075 aluminum alloy. The stepwise cross section has three different thicknesses, which are 15 mm, 10 mm and 5 mm. The aim of this study is to obtain how high compression ratio is required to eliminate the porosities inside the preform castings with various thicknesses, where porosity contents are different, and what are the maximum compression ratios that can be tolerated before these preform castings fail. These data are crucial to the design of the preform casting for the hybrid casting and forging process. The experimental results show that for 7075 aluminum alloy, it requires a compression ratio of 30% to eliminate all the porosities in the casting section of 5 mm in thickness and a maximum compression ratio of 44% can be tolerated. For the casting section of 10 mm in thickness, it requires 41% of compression ratio to eliminate all the porosities and a maximum compression ratio of 64% can be tolerated. For the casting section of 15 mm in thickness, it requires 52% of compression ratio to eliminate all the porosities and a maximum compression ratio of 64% can be tolerated.
Introduction
Hybrid casting and forging process combines the advantages of casting and forging processes. In this process, a near net shape preform is first cast and the casting is subsequently forged. The casting defects such as shrinkage porosity can be eliminated by forging and the number of forging steps can also be reduced. Therefore, the production cost can be reduced. Basically, hybrid casting and forging process can be approached in two ways. One is to use forging alloys. In this approach, usually more porosities are formed in the casting and higher compression ratio is needed to eliminate all the porosities in subsequent forging, which is possible due to better forgeability of forging alloy. The other approach is to use casting alloys. In this approach, usually less porosities are formed in the casting and lower compression ratio is needed to eliminate all the porosities in subsequent forging, which is a required condition due to poor forgeability of casting alloy. Two critical compression ratios are considered in this study. One is the compression ratio required to eliminate the porosities inside the preform casting. The other is the compression ratio causing the preform casting to fail. For both approaches, these two compression ratios are very important data since the preform casting must be designed in such a way that the required compression ratio from the preform to the final product is enough to eliminate all the casting porosities and is still under its failure limit.
In this study, the first approach is employed. The forging alloy used is 7075 aluminum alloy. 7075 aluminum alloy is commonly used to manufacture structural parts of aircraft and other structural parts, which require high strength. The work load is reduced when it is forged at high temperature, where the flow stress of the alloy during plastic deformation is lowered and work hardening is also alleviated. 1) Moreover, high temperature and high strain rate can enhance the occurrence of dynamic recrystallization, which results in smaller grain size. In turn, it makes the plastic flow easier. 2) For the hybrid casting and forging process, the employment of 2014 aluminum alloy, which is also a forging alloy, had been studied.
3) It was found that by adding Al-Ti-B or Al-B alloy, which is the grain refiner, in the alloy, the grain size of the casting was decreased and the amount of porosities was reduced. After forging, the ductility and strength of the casting were substantially improved.
The purpose of this study is to obtain how high compression ratio is required to eliminate the porosities inside the preform castings with various thicknesses, where porosity contents are different, and what are the maximum compression ratios before these preform castings fail for 7075 aluminum alloy. Preform castings with stepwise cross section are die cast to obtain casting specimens with three different thicknesses, which are 15 mm, 10 mm and 5 mm. Compression tests are then conducted for the casting samples with various thicknesses to obtain the two concerned compression ratios. These data are crucial to the design of the preform casting for the hybrid casting and forging process.
Experimental Method

Design of die casting die
As described earlier, 7075 aluminum alloy castings with stepwise cross section were die cast. The idea is to have * To whom all correspondences should be addressed. Corresponding author, E-mail: wshwang@mail.ncku.edu.tw casting specimens with various porosity contents while all other features related to the casting property remain the same. To achieve this goal, the die casting die must be carefully designed to eliminate the air entrapment so that the porosity in the casting can be mainly attributed to solidification shrinkage. 4) In this study, a die filling analysis system was employed to evaluate the air entrapment conditions for various die designs.
5) A suitable die design was then obtained to avoid most of the air entrapment.
Die casting experiment and specimen preparation
With the die casting die designed and fabricated, die castings were then made using a ZDC-150T-V2BP die casting machine with all the necessary treatments such as degassing of the aluminum melt and control of die temperature to produce sound castings. The casting temperature was around 923 K. Subsequently, the casting was cut with a CNC wire cutter into three pieces, which correspond to the three thicknesses as shown in Fig. 1 . The amount of porosity and averaged pore diameter of the casting piece were then measured by using an image analysis software; named Optimas. It should be noted that shrinkage porosity is usually not round. However, to quantitatively describe the seriousness of the porosity condition, the diameter of a pore, which has an equivalent area to the porosity, was then employed. Each casting piece was further cut into three specimens for subsequent forging experiments.
Forging experiment
The casting specimens of three thicknesses were then subjected to forging experiment to obtain the forgeability data. The steps for the forging experiment are as follows.
(1) Measure the height and density of the specimen.
(2) Heat the specimen to 673 K and hold at the temperature for 20 minutes. (3) Take the specimen out from the furnace and compress it to a pre-determined height using a 650 T forging machine, where the upper die and lower die are preheated to 523$573 K.
(4) Cool the specimen to room temperature and measure its height and density.
Porosity measurement and compression ratio calculation
The formation of porosities in the casting and subsequent elimination of the porosities by forging are major concerns in the development of the hybrid casting and forging process. It then requires a mean to quantify the amount of porosities in the specimen. The method employed in this study to measure the amount of porosities in the specimen is described as follows.
Porosity ð%Þ ¼ ð theory À solid Þ= theory Â 100% where solid : density of the specimen, kg/m 3 , theory : theoretical density of 7075 aluminum alloy (2,810 kg/m 3 ). The density of the specimen was measured based on the Archmedes Principle, which can be described as follows. 3 . The purpose of this study is to obtain the compression ratio range for the hybrid cast/forge processing. Therefore, it is essential to calculate the compression ratio during the forging step. The compression ratio of the specimen was calculated as,
where H O : thickness of the specimen before forging (mm), H f : thickness of the specimen after forging (mm).
Results and Discussion
In this study, the hybrid casting and forging process was developed for the 7075 aluminum alloy. The chemical composition of the alloy was measured and is shown in Table 1 .
7)
Porosity contents in die cast preforms
The casting has a stepwise cross section with three different thicknesses, which are 15 mm, 10 mm and 5 mm. It is round with a diameter of 140 mm and the geometry and dimensions of the casting are shown in Fig. 1 . The weight of the casting is around 400 g. As described earlier, the die design, which assures that the casting is free from air entrapment, is obtained through the aid of a die filling simulation system. The first design is simply to have an ingate; 2 mm in length, 5 mm in width, and 5 mm in height, located at the 5 mm section. The die filling pattern and the extent of air entrapment were simulated and the results are shown in Fig. 2 . It can be seen that the condition of air entrapment is rather serious. Then, a ring, which had an inner diameter of 150 mm, outer diameter of 160 mm, and 2 mm in height, was added around the casting as the overflow system. A schematic sketch of the revised die is shown in Fig. 3 . As shown by the simulated results in Fig. 4 , the condition of air entrapment is substantially reduced. The die casting preforms were then produced using the revised die design. The casting was then cut into three pieces and the porosity contents of the casting pieces were measured. The cutting locations are shown in Fig. 1 . The average diameter of the porosity on the cut surface for the 15 mm piece shown in Fig. 5(a) 
Results of the forging experiments
Cylindrical specimens were cut from each casting section. The specimens have diameters equal to their heights. The height and density of each specimen was measured and then forging experiment was conducted.
After each forging experiment, the height and density of the specimen was measured. It should be noted that each casting section was further cut into three samples. The densities and porosity contents of the samples are then plotted against compression ratios. The results are shown in Fig. 6 for the three samples. The results show that the densities of the samples with a compression ratio around 50% are close to the theoretical density. The figure shows that before compression ratio reaches 25%, the density increases significantly and thus porosity content decreases. As compression ratio reaches 40%, only slight densification can be Air entrapment Fig. 2 Condition of air entrapment in the casting. achieved. Through data interpolation, it shows that for the samples 1-3 to be compressed to their theoretical density, they need compression ratios of 54%, 52%, and 49%, respectively. An average compression ratio of approximately 52% is then required to eliminate all the porosities in the casting section of 15 mm in thickness. As density of the specimen reaches theoretical density after certain amount of compression and further compression applied on the specimen exhibits a decrease in density, it is taken as the notion that fracture has occurred on that particular specimen. It then shows that the maximum compression ratio they can withstand without fracture is around 64%. The densities and porosity contents versus compression ratios of the samples are shown in Fig. 7 . The results show that as compression ratio is smaller than 10%, the density increases significantly with compression. As compression ratio reaches 25%, only slight densification can be achieved. Through data interpolation, it shows that for the samples 1-3 to be compressed to their theoretical density, they need compression ratios of 40%, 39%, and 43%, respectively. An average compression ratio of approximately 41% is then required to eliminate all the porosities in the casting section of 10 mm in thickness. It also shows that the maximum compression ratio they can withstand without fracture is between 62 and 66%.
The densities and porosity contents versus compression ratios of the samples are shown in Fig. 8 . The results show that the densities of the samples all reach the theoretical density after the first compression. Comparing the data for 15 mm and 10 mm in thicknesses, the average compression ratio to eliminate all the porosities is decreased from 52% to 41%. It is assumed that the same tendency can be extended to 5 mm. Therefore, an average compression ratio of 30% is required to eliminate all the porosities in the casting section of 5 mm in thickness. It also shows that the maximum compression ratio they can withstand without fracture is less than 44%.
Conclusion
Fundamental data, which include compression ratios required to eliminate the porosities inside the preform castings with various thicknesses and maximum compression ratios before these preform castings fail, were obtained in this study for the development of hybrid casting and forging process for 7075 aluminum alloy.
Castings with round shape and stepwise cross section were die cast to obtain casting specimens with three different thicknesses, which have different porosity contents. Forging experiments were then conducted to obtain the needed data. The results show that for 7075 aluminum alloy, it requires a compression ratio of 30% to eliminate all the porosities in the casting section of 5 mm in thickness, which has an initial average porosity diameter of 0.40 mm, and it can withstand a maximum compression ratio of 44%. For the casting section of 10 mm in thickness, which has an initial average porosity diameter between 0.79 mm and 0.68 mm, it requires a compression ratio of 41% to eliminate all the porosities and a maximum compression ratio of 64% can be tolerated. For the casting section of 15 mm in thickness, which has an initial average porosity diameter of 1.26 mm, it requires 52% of compression ratio to eliminate all the porosities and it can withstand a maximum compression ratio of 64%. Compression Ratio (%)   sample 1  sample 2  sample 3 x Porosity (%) Fig. 8 The densities and porosities corresponding to various compression ratios for the casting specimen of 5 mm in thickness.
